Representative genomes from each of the three kingdoms of life are compared in terms of protein structure, in particular, those of Haemophilus in¯uenzae (a bacteria), Methanococcus jannaschii (an archaeon), and yeast (a eukaryote). The comparison is in the form of a census (or comprehensive accounting) of the relative occurrence of secondary and tertiary structures in the genomes, which particular emphasis on patterns of supersecondary structure. Comparison of secondary structure shows that the three genomes have nearly the same overall secondary-structure content, although they differ markedly in amino acid composition. Comparison of supersecondary structure, using a novel``frequent-words'' approach, shows that yeast has a preponderance of consecutive strands (e.g. beta ± beta ± beta patterns), Haemophilus, consecutive helices (alpha ± alpha ±alpha), and Methanococcus, alternating helix-strand structures (beta ±alpha ±beta). Yeast also has signi®cantly more helical membrane proteins than the other two genomes, with most of the differences concentrated in proteins containing two transmembrane segments. Comparison of tertiary structure (by sequence matching and domain-level clustering) highlights the substantial duplication in each genome (%30% to 50%), with the degree of duplication following similar patterns in all three. Many sequence families are shared among the genomes, with the degree of overlap between any two genomes being roughly similar. In total, the three genomes contain 148 of the %300 known protein folds. Forty-®ve of these 148 that are present in all three genomes are especially enriched in mixed super-secondary structures (alpha/beta). Moreover, the ®ve most common of these 45 (the``top-5``) have a remarkably similar super-secondary structure architecture, containing a central sheet of parallel strands with helices packed onto at least one face and beta ± alpha ± beta connections between adjacent strands. These most basic molecular parts, which, presumably, were present in the last common ancestor to the three kingdoms, include the TIM-barrel, Rossmann,¯avodoxin, thiamin-binding, and P-loop-hydrolase folds.
Introduction
In the past two years the complete genome sequences of a number of free-living organisms have been announced, generating tremendous interest (Nowak, 1995; Wade, 1997) . This provides a unique opportunity to perform comprehensive comparisons between different organisms on a molecular level. Here three genomes are compared in terms of the protein structures that they encode, those of Haemophilus in¯uenzae (Fleischmann et al., 1995a,b) , Methanococcus jannaschii (Bult et al., 1996) , and the yeast Saccharomyces cerevisiae (Goffeau et al., 1996 (Goffeau et al., , 1997 . These organisms are representatives of the three major kingdoms of life (bacteria, archaea and eukarya) and so provide a most diverse comparison.
Structurally, each of these organisms appears different on the micron scale as they have different internal cell structures, but on the scale of single A Ê ngstro È ms they appear nearly the same, containing similar proportions of C, H, O, N, P, and S atoms. The question addressed here is how they compare on the scale of protein structure (10 to 100 A Ê ). For instance, since these organisms live in such different physical environments, from deep-sea vents at high temperature and pressure for Methanococcus (85 , 200 atm) to rotting ®gs and grapes at normal temperature and pressure (for yeast) it is possible that particular types of secondary or tertiary structure would be favored over others.
To address this and other related questions, the three genomes (or more properly proteomes) were analyzed by established techniques of sequence matching and secondary-structure prediction. They are found to differ in terms of overall amino acid composition, yet, surprisingly, have a similar composition in terms of secondary structures. The results of the sequence comparison and structure prediction were clustered and combined using new methods to address questions related the distribution of supersecondary structures. It is found that the genomes have different frequencies of supersecondary structures (e.g. abab), with yeast having relatively more consecutive strands (e.g. bbb), Haemophilus having more consecutive helices (e.g. aa), and Methanococcus having more alternating helixstrand structures (e.g. abab). Yeast also has more helical membrane proteins, especially those with only one or two transmembrane elements.
The genomes also have a different composition of tertiary structures (or folds). The number of distinct folds contained in the three genomes is considerably less than the aggegrate number of sequences (%10,000) because of substantial duplication within each genome (involving between a third and half the sequences in each genome) and the many protein families shared between genomes. A small group of sequence families are common to all three genomes and presumably were present in the last common ancestor to bacteria, eukaryotes and archaea, hypothesized to exist two billion years ago (Doolittle et al., 1996) . In total the three genomes contain 148 known protein folds, which mostly have an a/b architecture. A disproportionate number of the shared sequence families have a known structure (45), and ®ve of these 45 are among the most common folds in each genome (i.e. in the``top-10``). These ®ve, which appear to be basic``molecular parts,`à re the TIM-barrel fold, Rossmann fold,¯avodox-in fold, thiamin-binding fold, and P-loop-hydrolase fold. They have a remarkably similar architecture, containing a central sheet of parallel strands with helices packed on at least one face and with, almost exclusively, bab connections between adjacent strands.
There has been much recent work analyzing genomes (or partial genomes) that this work is following upon. Automated methods have been developed for comparing a whole genome against a number of interlocking databases, and these have been used to characterize a number of recently sequenced genomes (Bork et al., 1992a,b; Scharf et al., 1994; Casari et al., 1995; Ouzounis et al., 1995a,b) . Genes have been related to the metabolic pathways, enabling determination of whether or not a pathway is present in a given organism and making possible estimation of the minimal set of genes necessary for life (Karp et al., 1996a,b; Koonin et al., 1996a; Tatusov et al., 1996) . The number of membrane proteins in genomes has been surveyed (Arkin et al., 1997; Goffeau et al., 1993; Rost et al., 1995 Rost et al., , 1996 , and duplications (i.e. clusters of paralogous genes) in genomes have been identi®ed Koonin et al., 1996b; Riley & Labedan, 1987; Wolfe & Shields, 1997) . Genomes have been compared based on the frequencies of oligonucleotide and oligopeptide words, focusing especially on the relative abundance of dinucleotides as a unique genomic signature (Blaisdell et al., 1996; Karlin & Burge, 1995; Karlin et al., 1992 Karlin et al., , 1996 . Finally, it has been possible to identify certain sequences, called ancient conserved regions, that have been conserved over long evolutionary time scales between phylogenetically distant organisms (Green et al., 1993; Koonin et al., 1995) . Recently, comparisons have just been made focussing on archea, highlighting the sequence families unique to this kingdom (Ouzounis et al., 1995a,b; Clayton et al., 1997) .
As the work here involves comparing the protein structures implied by the genome sequences it also rests upon the great amount of recent work systematizing protein structures and classifying them into fold families Holm & Sander, 1996; Murzin et al., 1995; Orengo et al., 1994; Schmidt et al., 1996; Pascarella & Argos, 1992; Sander & Schneider, 1991) . In particular, a census similar to this one has recently been done, comparing the occurrence of fold families in different species (Gerstein & Levitt, 1997a) .
One expects analysis of structure to reveal more about distant evolutionary relationships than just sequence comparison since structure is usually more conserved than sequence (Chothia & Gerstein, 1997; Chothia & Lesk, 1986) . In other words, it is at the level of protein structure, where one sees the greatest redundancy and reuse in biology. Speci®cally, it is believed that there is only a very limited number of protein motifs, and elucidation of this limited repertoire of molecular parts is seen as one of the principal future challenges for biology (Chothia, 1992; Lander, 1996) .
Results and Discussion
Overall genome size and composition As shown in Table 1 , the Haemophilus (HI) and Methanococcus (MJ) genomes are approximately the same size, both in terms of the number and average length of the sequences (%1700 and %295, respectively). However, the yeast (SC) genome is considerably larger, coding for six times as many residues, spread over more than 6200 sequences with an average size of %470. For comparison the average size of a protein domain in known crystal structures is %175 residues (calculation described in the Table  legend) , about a third the size of a protein in yeast or 60% of one in Haemophilus or Methanococcus.
As shown in Table 2 , the three genomes have some signi®cant differences in terms of their overall amino acid composition. The average difference for any amino acid is 45%. The greatest particular differences are between Methanococcus in comparison to Haemophilus and yeast, perhaps re¯ecting the radically different environment that Methanococcus lives in. For instance, Ile and Lys are more common (by about half) in the Methanococcus genome than in those of yeast and Haemophilus, and Ser and Gln are much less common (Gln by a factor of almost ®ve). These differences are somewhat larger than the compositional differences usually found in comparing sets of sequences from different species (Doolittle, 1987) .
Each amino acid has a different propensity to confer secondary structure, whether a-helices, transmembrane helices, or b-strands (also shown in Table 2 ). Consequently, the differences in composition might be expected to give rise to more of one type of secondary structure, e.g. more helices. This can be tested to some degree through prediction of secondary structure.
Overall secondary-structure and transmembrane-helix composition Bulk prediction of secondary structure was done for every protein in the three genomes by a number of standard approaches (see Methods). First, the proteins that contain transmembrane helices were determined. There appears to be relatively more helical membrane proteins in yeast than in Haemophilus and more in Haemophilus than Methanococcus (as a fraction of the total genome, 23% versus 18% to 13%). The large fraction of membrane proteins in the yeast genome may re¯ect the greater number of membranes in a eukaryotic cell. (However, it may also result from the larger average size of a yeast protein if there is an assumed constant propensity for transmembrane segment formation per residue.) Second, the membrane proteins were set aside and conventional helix ± turn ±strand secondary structure was predicted for the remaining proteins. Surprisingly, despite the differences in amino acid composition, the overall statistics for secondary structure composition (the number and size of helices and strands) are nearly identical in the three genomes: about 54% of secondary structural elements are predicted to be strands (with an average length of 4.5 residues) and the remaining fraction are helices (with an average length of 11.5 residues). (By residue, about 40% of the genomes are predicted to be helical, and about 17%, strand.)
How can the genomes have such similar secondary structure composition, while having such a markedly different amino acid composition? This is analogous to how genomes can have very different base compositions (AT or GC rich) while coding for proteins with similar amino acid composition. To some degree it has do with à`d egeneracy'' in the coding of secondary structure propensities and the``trading-off'' of residues with The number of soluble protein is the total number of sequences less those predicted to contain at least two transmembrane elements (see Methods). For reference, the size of a domain in a protein of known structure is 174.1. This was determined by averaging the lengths of the 971 non-homologous chains in scop (see Methods). The length distribution for the structure domains and for the ORFs in the three genomes are unimodal. There is no periodicity observed (e.g. for multiples of 125, as suggested by Berman et al. (1994) ). The average strand, a-helix, and TM-helix propensities are derived by computing a weighted average of the propensities in Table 2 , using as weighting factors for each residue the fractional composition of it in the whole genome. equivalent propensities between genomes. This is evident in the similar values calculated for each genome for average helix and strand propensity per residue (Table 1) .
Frequent super-secondary structure words
Groups of linked secondary structures (e.g. abab) form super secondary structures, and the frequency of these in each genome can also be analyzed. For this analysis the``frequent words'' approach often used for characterizing oligopeptide and oligonucleotide sequences is applied to the predicted secondary structures. The results, shown in Table 3 , are for super secondary structurè`w ords'' of length 2 to 7. Unlike secondary structures, there are great differences in the frequency that super secondary structures occur in the three genomes. In general the greatest differences occur for symmetrical or repeating patterns of super secondary structure (i.e. symmetrical patterns, such as aaaaa and abab, which are underlined in the Table, versus asymmetrical ones, such as abbb or abbaa). These differences become more pronounced as one looks at longer and longer words (i.e. bbb versus bbbbbbb).
There is a much greater chance of ®nding all-b words (e.g. bb, bbb, bbbb, and so forth) in yeast than in the other genomes. Speci®cally, the chance of ®nding bbbb in yeast is 54% greater than ®nding it in Haemophilus and a 27% greater than ®nding it in Methanococcus, for 41% greater on average. This is interesting in that all-b proteins are expected to be common in metazoa, which contain a great number of all-b immunoglobulin-like and ®bronec-tin type III-like folds, but not necessarily in lower eukaryotes such as yeast (Doolittle, 1995; Gerstein & Levitt, 1997a) .
Conversely, all-a proteins are more common in Haemophilus than in the other two organisms. In particular, four consecutive helices (as in a fourhelix bundle) are more frequent in Haemophilus than Methanococcus or yeast by 25%. As is necessarily implied, alternating alpha ±beta structures are more common in Methanococcus than the other two The Table shows the amino acid composition of the three genomes. The average rms difference in composition for an individual amino acid is 0.023, and expressed as a fraction of 5%, this is 45%. (0.023 is computed from determining the rms difference between each of pair of composition vectors, viz:
where V HI is the composition vector for HI and other vectors are named correspondingly.) The ®fth column shows the differences in composition in more detail. For each amino acid the maximum difference is expressed as a percentage, viz: 2(X À y)/(X y), where is X is the maximum composition amount of a particular amino acid in the three genomes and y is the minimum. The TM-helix scale gives the energy in kcal/mol for inserting this amino acid into a membrane (Engelman et al., 1986) . As described in the Methods it is used here for the identi®cation of membrane proteins. The a-helix and b-stand propensity scales illustrate how different compositions of amino acids would be expected, to a ®rst approximation, to give rise to different secondary structures. They are also expressed in kcal/mol. Both scales are derived from protein-unfolding experiments (Chakrabartty et al., 1994; Smith et al., 1994) , but similar scales can be determined from doing statistics on solved crystal structures (King & Sternberg, 1996) . A. The different frequencies of super secondary patterns in the predicted secondary structure for the three genomes. The frequencies are shown as odds ratios of the observed number to the expected number (so values greater than 1.0 denote frequent patterns). The second column of the Table provides a measure of the differences between the genomes viz: D 2(X À y)/(X y), where is X is the maximum odds ratio for a particular word and y is the minimum. Symmetrical and repeating words are underlined. For ®ve-letter words, 32 in total, only the seven that exhibit the greatest differences between genomes are shown. For comparison the frequencies of super-secondary words observed in a representative set of known protein structures is shown in the last column, labeled``PDB'' (see Methods for discussion of the representative set). The structure-databank appears to have an even higher representation of some super-secondary structure patterns (particularly all-b) than any of the genomes, perhaps re¯ecting its biased composition toward such folds as the immunoglobulins. B. All the 5 and 7 character words ordered according to the difference D between genomes. Symmetrical and repeating words are underlined. Note how symmetrical words often appear to exhibit the greatest difference between genomes.
genomes. However, this difference is not as great as with all-a and all-b words. Speci®cally, abab and baba have a 13.5% greater chance of occurring in Methanococcus than in yeast or Haemophilus.
The preponderance of all-b super-secondary structures in yeast, all-a ones in Haemophilus, and alternating ab structures in Methanococcus is obviously related to the a greater frequency of all-b domains in the yeast genome, all-a domains in the Haemophilus genome, and mixed (a/b and a b) domains in the Methanococcus genome (in the sense of the original classi®cation of Levitt & Chothia (1976) ). However, because of the dif®culty in determining domain boundaries in many of these sequences it is dif®cult to make these conclusions more precise.
It is possible to look at the super secondary structure of membrane proteins in a simple fashion by classifying them in terms of the number of transmembrane helices they contain. Such an analysis is shown in Figure 1 . Overall, the size of the family with a given number of transmembrane helices drops off sharply with increasing numbers of helices, as has been observed in previous studies (Arkin et al., 1997; Goffeau et al., 1993; Rost et al., 1995 Rost et al., , 1996 . This behavior is observed fairly consistently for the three genomes. However, yeast has relatively more membrane proteins with only one or two transmembrane helices, and this difference principally accounts for the higher proportion of membrane proteins in yeast.
Duplications: families of paralogous genes
The number of sequence families within each of the genomes was determined by doing all-versusall sequence comparisons and clustering the results. In performing these calculations, one has to take into account that sequence similarity occurs on the domain level, so two completely dissimilar sequences can both match a third, intermediate sequence at different places. This situation is illustrated in Figure 2 , and as described in Methods, a multiple linkage approach was used here.
As has been determined previously Bult et al., 1996; Tamames et al., 1997) , there is a substantial amount of duplication in each genome, giving rise to families of paralogous sequences. The number of individual sequences involved in duplications is about 30% for Haemophilus, 37% for Methanococcus, and 46% for yeast, with the larger genomes having a greater amount of duplication. Overall, Haemophilus and Methanococcus have %1350 sequence families, and yeast %4300 (exact numbers in legend to Figure 3 ). The number of sequences in each duplication ranges from 2 to more than 30 (for two families in yeast). As shown in Figure 3 , the number of sequence families N of a given size S, expressed as a fraction of the total number of sequences in the genome G, falls off in a similar fashion for all three genomes, approximately according to the following formula:
Sequence similarity between genomes
In addition to the similarity between sequences within the same genome, there is similarity between sequences in different genomes (resulting, in part, in families of orthologous genes). The degree of overlap can be represented in terms of Venn diagrams, similar to those by Ouzounis & Kyrpides (1996) , as shown in Figure 4 . Clearly, an appreciable fraction of the sequences in any one genome are similar to those in other two, with smaller genomes having a proportionately greater fraction (39% for Haemophilus, 33% for Methanococcus, and 19% for yeast). It is somewhat dif®cult to make absolute comparisons regarding similarity since the much larger size of the yeast genome distorts the results. However, from the perspective of each individual genome roughly an equal proportion of its sequences are homologous to sequences in the other two genomes, a reasonable ®nding if the genomes have diverged equally from a common ancestor.
Sequence similarity to known structures
An appreciable fraction of the sequences in each of the genomes were homologous (or identical) to sequences corresponding to known structures (in the PDB). Looking just at these and using the fold de®nitions in the scop database, it is possible to see how the known folds are distributed amongst the three genomes. This is shown in Figure 5 and Table 4 .
The known domain structures presently correspond to 971 sequence families (at the 40% homology level, see Methods: S. Brenner, C. Chothia & T. Hubbard, unpublished results), and a total of 355 of these are present in at least one of the genomes. Obviously more are represented in yeast than Haemophilus and more in Haemophilus than Methanococcus, re¯ecting the greater size of the yeast genome as well as the biases of investigators. Comparison of Figures 4 and 5 shows that sequence families common to one or more genome have a greater chance of having a known structure. This ®nding could again re¯ect the biases of investigators but it could also indicate the omnipresent character of the ancient shared families.
Using the structural similarity relationships in the scop database, sequence families that share the same fold but which have no detectable homology can be combined into fold families. These are currently 299 folds in scop, and of these about half (148) are contained in at least one of the three genomes. The fact that these numbers are considerably less than the number of sequence families shows how many of the evolutionary similarities between these highly diverged organisms are only apparent in terms of structure, all the sequence similarity having been eroded away (Doolittle, 1995) . Although the Haemophilus and Methanococcus genomes are approximately the same size about twice as many folds are known for the former in comparison to the latter. This undoubtedly re¯ects the biased nature of the structure database.
It is possible to classify each fold as all-a, all-b, a/b, a b, or other using the original de®nitions of Levitt & Chothia (1976) and then to see how the folds corresponding to each of the structural classes are distributed among the genomes ( Figure 5) . Overall, the genomes contain a disproportionate number of mixed folds (a/b and a b, 83/148). Yeast also has the most all-b folds (with 14 of the 18 all-b folds in the three genomes).
There are 45 domain folds shared between the three genomes. These presumably represent a most ancient set of molecular parts. They include such diverse folds as that of a common, metabolic enzyme, similar in structure to¯avodoxin, and that of a domain involved in tRNA recognition (speci®cally, the substrate-binding domain of the dehydrogenase 2DLD and the C-terminal, anticodon-binding domain of the glutamyl-tRNA synthetase 1GLN). These 45 folds are especially enriched in a/b supersecondary structures, with 38 of 45 having one of the mixed architectures.
Top-10 folds in each genome and five basic folds
Finally, it is possible to look at the frequency with which the known folds occur in the genomes. This is shown in the form of top-10 lists (Table 4) . As was the case for the folds overall, most of the common folds have an a/b architecture. This is especially true for the common,``shared'' folds that are present in all three genomes. The nine most common of these folds all have an a/b architecture.
The ®ve most common folds that are present in all three genomes are shown in Figure 6 . Ordered in terms of the frequency of their occurrence (see legend to Figure 6 ), they are: the P-loop containing NTP hydrolase fold, the Rossmann fold, the TIMbarrel fold, the¯avodoxin fold, and the thiaminbinding fold. Each of these overall``top-5``folds . It can be the case that a given ORF matches more than one domainlevel fold (e.g. yeast ORF YAL026C). This is illustrated by the top two lines in the Figure, where sequence 2 matches both the A and B domain folds. Statistics based on this type of matching (where a single ORF can count more than once) and are used in the construction of Figure 5 and Table 4 . However, for sequences that do not correspond to known structures, it is not possible to rigorously or consistently de®ne domains, although some approaches exist (Sonnhammer & Kahn, 1994; Sonnhammer et al., 1996) . Consequently, the sequence-level clustering in Figure 3 is done only in terms of individual genes. If this approach is taken, single-linkage clustering can give potentially misleading results, as has been pointed before (Koonin et al., 1996b; Riley & Labedan, 1997) , it will group together two sequences (i.e. 2 and 4) that have similarity to different domains (B and C) in a third, intermediate sequence (3). One can get around this problem in two ways: one can split sequence 3 in half during the clustering or one can use a multiple-linkage algorithm and only create a cluster where all the members have similarity to each other. The ®rst case is in a sense more accurate. However, it greatly biases the resulting statistics on the fraction of duplication since one knows how many genes there are in the genome but not how many domains there are. Here the later approach is taken. In a sense this is what happens in a governmental census. Even if one has multiple homes or jobs, the annual census forces one into a single category to keep the statistics fair.
occurs in the top-10 list for each of the individual genomes (with the exception of the¯avodoxin fold, which does not occur in the yeast top-10). They are all associated with basic metabolism (as opposed to other functions such as transcription or regulation). They have a remarkably similar super-secondary structure architecture. They are all classic a/b proteins, containing a central sheet of parallel strands with helices packed onto at least one face of this sheet. (For this discussion, it is convenient to imagine the barrel in an unrolled fashion as shown in the Figure. 
Conclusion
Three genomes have been compared in terms of the protein structure, particularly supersecondary structure, they encode. This has demonstrated that even using as crude a measure as secondary-structure prediction, one can ®nd marked, statistical differences between the genomes in terms of overall protein-structure features. It is found that yeast has more all-b supersecondary structure and Haemophilus, more all-a. This particular result is further borne out from looking at the distribution of known folds.
Secondly, using straightforward sequence comparison, it is possible to ®nd that these diverse organisms share many common folds. In particular, there are 45 known folds common to the three kingdoms. Presumably, these are ancient folds that were present in the last common ancestor that predated the divergence of the major kingdoms about two billion years ago (Doolittle et al., 1996) . Five of these are amongst the most common folds in each organism and share a remarkably similar a/b architecture.
The two different general types of calculations performed here, structure prediction and sequence matching, give conclusions with complementary strengths and weaknesses. Structure prediction can be applied to the whole genome in a uniform fashion, providing comprehensive, statistical conclusions. However, these conclusions suffer from the inherent inaccuracy of the prediction methods, especially given that the application of structure prediction methods to genomes is such a great extrapolation from the data that the methods were trained on (i.e. the PDB). In contrast, sequence comparison to known structure gives almost completely accurate``predictions'' (about the fold). However, only a small sample of each genome can be surveyed (7% to 15% of the ORFs), giving conclusions that are necessarily anecdotal and biased to a degree. More re®ned methods of sequence comparison and secondary structure prediction (if developed) would allow a greater percentage of the genome to be matched with known folding patterns, further developing the conclusions of this paper. In any case, the general idea of comparing genomes in terms of protein structures is expected to be a very fertile topic in the future. There are currently seven microbial genomes completed and at least 36 more being worked on (Kerlavage, 1997) , so there will be many possibilities for comparison soon.
Methods
A relational database of genome sequences and structure assignments Translated genome sequences were taken from the web sites (www.tigr.org and genomewww.stanford.edu). Note that there is some uncertainty regarding whether all of the translated open reading frames (ORFs) are really genes. For instance, in yeast 5888 of the 6218 ORFs are de®-nitely believed to be genes, but there is some uncertainty about the remaining 330 (Goffeau et al., 1996) . Non-genome sequences were taken from the non-redundant OWL databank (version 27.1) (Bleasby et al., 1994) , structures from the PDB (Bernstein et al., 1977) , and domain fold de®nitions from scop (version 1.32, May 1996) (Brenner et al., 1996; Murzin et al., 195) . Core structures for each Figure shows how the known folds are distributed amongst the three genomes in terms of a Venn diagram. All the domains in the PDB can be clustered into 971 sequence families at 40% homology (Brenner et al., unpublished results) . Of these 355 appear in at least one of the three genomes and how they are distributed is indicated in the top-left panel. As shown in the top-right panel, the structural similarities in scop collapse many of the 971 sequence families into a smaller number (299) of fold families. Of these 148 appear in the three genomes, with 45 shared between all three. The bottom-left and bottom-right panels show selections of fold families shown at top-right, corresponding, respectively, to all-a or all-b structures. Note that the total number of folds consists of essentially ®ve parts: alla folds, all-b folds, a/b folds, a b folds, and miscellaneous folds (148 32 18 47 36 15). Thus, from subtracting the two bottom panels from the top-right one, one can see how the overall prevalence of mixed (a/b and a b) folds is distributed amongst the genomes. scop domain were based on re®nement of structural alignments (Altman & Gerstein, 1994; Gerstein & Altman, 1995; Gerstein & Levitt, 1996 , 1997b . In total the domain de®nitions in scop correspond to a set of 971 non-homologous sequences (Brenner et al., unpublished results), after they have been clustered to level of 40% identity by a similar procedure to that of Hobohm & Sander (1994) .
Analysis and processing of the data was greatly expedited by the use of a simple relational database formalism, implemented in DBM, Perl5 (Wall et al., 1996) and mini-SQL (http://Hughes.com.au), with tables linking sequence identi®ers, structure matches, fold identi®ers, and so forth. A number of these tables will be made available over the internet from the following URL: http://bioinfo.mbb.yale.edu/census.
Sequence comparisons
All sequence matching was done with the FASTA program (version 2.0) (Lipman & Pearson, 1985; Pearson & Lipman, 1988 ) with k-tup 1 and a conservative``e-value'' cutoff of 0.001. The e-value describes the number of false positives expected in a single database scan, so a value of 0.001 means that no more than one out of every thousand cluster linkages will be in error (Brenner et al., 1995, and unpublished results; Pearson, 1996) . This error rate has been veri®ed by empirical tests on a database of known protein relationships (Brenner et al., 1995, and unpublished results) . An e-value cutoff should give similar results to a more conventional threshold in terms of percent identity, but it has been shown to be better calibrated and more sensitive for marginal similarities, taking into account compositional biases of the databank and the query sequence (Altschul et al., 1994; Karlin & Altschul, 1993) . Low complexity sequences were ®ltered out using the SEG program (Wooton & Federhen, 1993) . Many of the sequence comparisons took a very long time, particularly running the yeast genome against all known sequences.
(This took about a month and four days on a DEC workstation with a 266 MHz alpha CPU.) However, the calculations are intrinsically quite parallel and could be greatly speeded up by distributing them over a number of processors. Here``commonness'' is determined by the average frequency rank R overall of the fold over each of the three genomes. Speci®cally, R overall (R HI R SC R MJ )/3, where R HI is rank in the Haemophilus``top-10``list in Table 4 and the other quantities are de®ned analogously. Using this de®nition, the ®ve most common folds are: P-loop hydrolase (average rank of 2), Rossmann (2.7), TIM-barrel (3.7),¯avodoxin (7), and thiamin-binding (7.7). All folds are drawn with MOLSCRIPT (Kraulis, 1991) using residue selections from Table 4 . They are somewhat simpli®ed so that coil geometry is smoothed out and insertions not packing against the central sheet are de-emphasized. Also shown are highly schematic views of the sheet topology. Boxes indicate parallel strands in a beta-sheet with their order noted. (Strands are coming out of the page.) Solid arcs joining the boxes indicate right-handed connections between the parallel strands. All of these involve skipping no more than two strands and are through a parallel helix packed onto the sheet, from above or below. Half of an arc indicates that there is a parallel helix connected to either the ®rst or last strand of the sheet. There is one exceptional connection, indicated with a dotted line: in the Rossmann fold there is a connection across three strands through a parallel helix.
There are more sensitive methods of comparing sequences to structures than the FASTA program, e.g. pro®les, Hidden-Markov models, motif analysis, and threading (Bowie & Eisenberg, 1993; Jones & Thornton, 1996; Eddy, 1996) . These methods would be expected to ®nd more homologues for certain folds. (For instance, using careful sequence comparison and motif analysis Hunter & Plowman (1997) recently reported that yeast had 113 protein kinases, considerably more than the number reported here.) However, the sensitivity improvement would not be uniform over all folds. This is not advantageous for a large-scale census since uniform sampling and treatment of the data is more important than sensitivity (as one is more concerned with relative rather than absolute numbers).
Multiple linkage clustering
The sequences were grouped into families by applying single and multiple linkage clustering (Kaufman & Rousseeuw, 1990) to an all-against-all comparison of the three genomes, taken individually and jointly, plus a set of non-homologous sequences corresponding to the structures in scop. The basic clustering procedure was very similar to algorithm 1 (``select until done'') by Hobohm et al. (1992) with the inclusion of a test for multiple linkage. Initially one starts with an empty list of sequences in the ®rst cluster and a list of N unassigned sequences (which can be ordered according to a useful criteria such as length). One then takes the ®rst unassigned sequence (s 0 ) and compares it sequentially to each of the other unassigned sequences (s i ). At each step, if the sequence being compared (s i ) matches the ®rst sequence (s 0 ) and every other sequence in the current ®rst cluster list, it is added to the (growing) ®rst cluster. The test here for multi-linkage addresses the``domain problem'' described in Figure 2 . Then one repeats the whole procedure, creating new clusters at each iteration, until all the unassigned sequences are exhausted. If the mean cluster size is C, it is possible to show that this procedure requires The most common of the known folds in the various genomes. Folds common to all three genomes are underlined. The¯avodoxin-like fold occurs seven times in the yeast genome, making it the 16th most common fold in this genome. approximately:
comparisons, with approaches N 2 /2(C 1) for large N and N4C. This is signi®cantly less than the number of operations when one considers all pairs: N(N À 1/2), which approaches N 2 /2 for large N.
Transmembrane helix prediction
Transmembrane segments were identi®ed by using the GES hydrophobicity scale, shown in Table 2 (Engelman et al., 1986) . The values from the scale for amino acids in a window of size 20 (the typical size of a transmembrane helix) were averaged and then compared against a cutoff of À1 kcal/mole. A value under this cutoff was taken to indicate the existence of a transmembrane helix. Initial hydrophobic stretches corresponding to signal sequences for membrane insertion were excluded. (These have the pattern of a charged residue within the ®rst seven, followed by a stretch of 14 with an average hydrophobicity under the cutoff.) These parameters have been used, tested, and re®ned on surveys of membrane protein in genomes (Arkin et al., 1997; Tomb et al., 1997) . Here detection of at least two transmembrane helices was necessary for the protein to be classi®ed as a``membrane protein.``This rather conservative threshold was used for two reasons: (i) sequences with only a single transmembrane element are not really integral membrane proteins, and (ii) the false positive rate for misclassifying proteins as membrane proteins was much higher on the basis of one transmembrane helix than multiple ones. (Speci®cally, the error rate on a test set of 395 non-homologous chains was %4% (21/395) for classi®cations based on a single transmembrane helix versus %1% (4/395) for those based on two or more.)
Transmembrane identi®cations based on the GES scale were compared against those based on the Kyte ± Doolittle scale using both a strict and more lax threshold (Ja È hnig, 1990; Kyte & Doolittle, 1982) . They were also compared against a neural network approach (Rost et al., 1995 . There are differences in the predictions for a number of the sequences. However, the overall results of the bulk prediction are fairly insensitive to this. For instance, the number of membrane proteins predicted using the GES scale in Haemophilus, Methanococcus, and yeast were 303, 232, and 1407, respectively. The corresponding numbers for the Kyte ± Doolittle scale (with the strict threshold) were 386, 358, and 1845. The GES scale is a little more conservative, but the relative amounts of membrane proteins in the three genomes are similar. The differences between the scales re¯ect the extremely small size of the membrane protein database that the predictions extrapolate from.
Secondary structure prediction
Secondary structure prediction was done using the GOR program (Garnier et al., 1978 (Garnier et al., , 1996 Gibrat et al., 1987) . This is a well-established and commonly used method. It is statistically based so that the prediction for a particular residue (say Ala) to be in a given state (i.e. helix) is directly based on the frequency that this residue (and taking into account neighbors at AE1, AE2, and so forth) occurs in this state in a database of solved structures. Speci®cally, version 4 of the GOR program is used here (Garnier et al., 1996) . This bases the prediction for residue i on a window from i À 8 to i 8 around i, and within this window, the 17 individual residue frequencies (singlets) are combined with the frequencies of all 136 possible di-residue pairs (doublets). The GOR method only uses single sequence information and because of this achieves lower accuracy (65% versus 71%) than the current`s tate-of-art'' methods that incorporate multiple sequence information (King & Sternberg, 1996; Rost, 1996; Rost & Sander, 1993; Salamov & Solovyev, 1995) . However, it is not possible to obtain multiple sequence alignments for most of the proteins in each of the three genomes. Consequently, bulk predictions of all the proteins in a genome based on multiple-alignment approaches are in a sense skewed. One gets two distinctly different types of prediction, depending on how many homologues a given protein has. Consequently, for the bulk prediction approaches used here the simpler single sequence approach was deemed more consistent. However, for one genome (Haemophilus) tests were also done using the PHD server (Rost, 1996) . This does predictions using a neural-network, multiple sequence alignment approach. While obviously the predictions differed at individual positions from that of the GOR approach, most of the aggregate properties (e.g. total number and size of helices and strands) were fairly consistent. (In particular, on a random sample of 125 proteins that did not contain transmembrane elements or have PDB homologues, PHD predicted 38% of the residues to be helical, 18% to be strand, and the rest coil: the corresponding numbers for GOR are 36% and 18%.)
Note also that the analysis here is not at all focused on the particular secondary structure prediction for any individual residue. What is of concern is aggregate secondary structure content of whole proteins (and genomes) and the prediction of secondary structure elements (i.e. whether or not a helix is present, regardless of its length). Prediction of aggregate quantities is expected to be more accurate than the prediction of individual residues (Rost & Sander, 1993) .
Frequent words for super-secondary structures
To simplify the secondary structure predictions, they were``condensed'' into simple``ab-code'' where``a``stands for the position of a helix and ``b``for a strand. Speci®cally, for the condensation, two or more adjacent residues of strand or helix were merged into single``a``or``b``characters. (The few isolated residues predicted to be in different conformation than both their neighbors were sometimes merged with their neighbors or directly promoted to``a``or``b``characters.)
The frequency of various two to ten letter words in each sequence's ab-code was assessed using methods developed for analyzing frequent words in nucleotide sequences (Karlin et al., 1992 Karlin & Cardon, 1994) . The observed frequency of words of a given type was divided by the expected frequency for this type, based on the frequencies of individual a and b elements, to form an odds ratio R. For instance, for the pattern abbb the odds ratio is:
Nb Nc where N (xy) is the number of words matching pattern``xy``with``?``as the wildcard, so N(????) is the total number of four-character words and N(a) is the number of a's (helices). This analysis assumes that the expected frequency of words only depends on the frequency of individual characters (e.g. N(a)). However, it is also possible to do the analysis taking into account higher-order frequencies and conditional probabilities so the odds ratio becomes: R Nabbb Ncccc 0 Na Nc Nab Ncc Nbb Ncc
Nbb Ncc
Both analyses were used here, but there was little difference in the results.
